Environmental DNA is increasingly applied in ecological studies, including forensic ecology where 22 eDNA from soil can be used to pair samples or reveal sample provenance. We collected soil eDNA 23 samples as part of a large national biodiversity research project across 130 sites in Denmark. We 24 investigated the potential for soil eDNA in predicting provenance in terms of environmental 25 conditions, habitat characteristics and geographic regions. We used linear regression for predicting 26 environmental gradients of light, moisture, soil pH and nutrients (represented by Ellenberg Indicator 27 Values, EIVs) and quadratic discriminant analysis (QDA) to predict habitat class and geographic 28 region. We found high predictive power for environmental gradients (R 2 > 0.73). The 29 discriminatory power of QDA in predicting habitat characteristics varied from high accuracy in 30 predicting certain forest types, less accurate prediction of heathland and poor accuracy for 31 geographic region. We demonstrate the application of provenance prediction in forensic science by 32 evaluating and discussing two mock crime scenes. Here, we supplement with plant species lists 33 from annotated sequences. Where predictions of environmental gradients and habitat classes give an 34 overall accurate description of a crime scene, care should be taken when interpreting annotated 35 sequences, e.g. due to erroneous assignments in GenBank. The outlined approach clearly 36 demonstrates that basic ecological information that can be extracted from soil eDNA, contributing 37 to the range of potential applications of eDNA in forensic ecology. 38 42 environmental conditions is also the basis of the application of ecology in forensic science (4). In a 43 wide range of disciplines -such as palynology, botany and entomology -pollen, plant fragments or 44 insect remains are interpreted or analyzed by experts to impart ecological information to 45 investigations (5-8). Similarly, forensic geoscience builds on the geological disciplines of inorganic 46 soil analysis, i.e., soil classification, mineralogy, soil chemistry and physics (9).
Introduction 40
In ecological studies, bioindication is routinely used to infer environmental conditions and 41 ecosystem properties, and to classify vegetation types (1) (2) (3) . The link between species and Soil eDNA metabarcoding 105 We collected soil from all sites and subjected it to metabarcoding through DNA extraction, PCR 106 amplification of genetic marker regions (DNA barcoding regions) and massive parallel sequencing 107 on the Illumina platform as described in Brunbjerg, Bruun (22) . The soil sampling scheme included 108 the mixing of 81 soil cores from each site in an attempt to get a representative sample. For this study, 109 we used sequencing data from genes amplified with primers targeting eukaryotes, fungi, plants and 110 insects. For eukaryotes we amplified part of the 18S region with primers 18S_allshorts (23, 24) with fertility/nutrients, soil moisture, pH and light conditions (EIV N, M, R and L), which have been shown 135 to be very useful for describing the variation in this dataset (see Fig. 3 in 22) . 136 We used linear models to evaluate the relationship between OTU composition and environmental 137 gradients (see Appendix S1). Model selection was based on AIC using the function stepAIC and 138 backwards selection in package MASS (37, see Table S1 ). Individual models were constructed for 139 each set of NMS axes based on the different primers and normality and heterogeneity were assessed 140 by visual inspection of qq-plots, residual plots and histograms of residuals and indicated no problems 141 with the final model. The best set of NMS axes was selected to predict EIV and 95% CI using leave-142 one-out cross validation. All analyses were performed in R-3.4.2 (38) .
143
While most trained botanists and ecologists may be familiar with EIV, to most people they are 144 hard to interpret in terms of meaningful vegetation types of environmental conditions. We have 145 therefore aided interpretation by graphing the location of common vegetation types along the four 146 Ellenberg gradients used in this study (Fig 1) . Predicting binary habitat classes 152 Another aim was to describe habitat classes typical of Denmark from the OTU composition in soil 153 samples. We selected classes that are familiar to most people, easy to identify by non-ecologists and 154 possible to recognize from a distance or from publicly available maps and orthophotos with some 155 training ( Table 1 ). The habitat classes were recorded as binary variables for each site. mosaics. Performance of our classification models tended to be best for habitats that are relatively 297 well defined and delimited along these gradients, e.g., high forest and forest. On the other hand, we 298 defined heathland broadly to include both wet and dry heathland. Similar communities can be found in mires, grasslands and plantations (see also the overlap in the ellipses in Figure 1 ) making it difficult to get a high prediction accuracy for heathland.
301
The two mock crime scenes showed that model predictions for environmental conditions 302 corresponded well with the actual EIV's at the site. Predictions of habitat classes did not always 303 correspond to the a priori classifications at a first look, but this could reflect the continuous nature of 304 biotic gradients more than a model failure. For example, mock crime scene 1 is a Juniperus communis 305 formation on heathland (5130 on the Habitats Directive) and therefore not classified as a heathland 306 but as the class coniferous by the definitions used here. However, from the picture of the site is it 307 evident that the high probability of heathland is correct.
308
As the models use ordination axes from OTU communities, they are probably less likely to be 309 influenced by mistakes and biases in sequencing and free from mistakes that may arise from Sampling and analyzing soil eDNA allows interpretation of major environmental gradients and 338 habitat classes relevant for both basic and applied ecology, such as forensic ecology. It demonstrates 339 a new application of eDNA and the basic ecological information that can be extracted from eDNA 340 and variation in OTU assemblages. While we demonstrate the potential application of this technique 341 for predicting and interpreting information relevant for forensic investigations, it is also important to 342 note a number of issues that are relevant to explore in the future. As already mentioned, the present 343 dataset (Biowide) was originally designed to explore biodiversity in natural habitats across Denmark, 344 and as such, urban areas are not represented and agricultural fields and other cultural areas are 345 underrepresented. We know little about the seasonal variation in eDNA (but see e.g., 47) and variation 346 in eDNA with soil depth (see e.g., 48). Moreover, forensic soil samples can be minute and contaminated, dried, old and degraded, and we need to explore the model sensitivity and provenancing accuracy of such samples (see also 10).
